Surface-coupled proton exchange of a membrane-bound proton acceptor.
proton association increases rapidly with increasing proton concentrations, presumably because the whole membrane acts as a proton-collecting antenna for the fluorophore. In contrast, at low pH (<7), the increase in the proton association rate is slower and comparable to that of direct protonation of the fluorophore from the bulk solution. In the latter case, the proton exchange rates of the two fluorophores are indistinguishable, indicating that their protonation rates are determined by the local membrane environment. Measurements on membranes of different surface charge and at different ion concentrations made it possible to determine surface potentials, as well as the distance between the surface and the fluorophore.
The results from this study define the conditions under which biological membranes can act as proton-collecting antennae, and provide fundamental information on the relation between the membrane surface charge density and the local proton exchange kinetics.
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Introduction
Energy conversion in living cells typically involves proton translocation across a membrane, via proton transporters. These transporters maintain a proton electrochemical gradient utilizing free energy provided, for example by electron transfer or light. The free energy stored in this gradient is used, e.g., for transmembrane transport, motility, or synthesis of ATP by the ATP synthase. Results from a range of studies indicate that the membrane plays an important role in these processes, in addition to serving as a barrier. The membrane surface may also provide a proton link between the various membrane-embedded proteins, where the mere twodimensional confinement of the reactants can also play a role. Enhancement of reaction rates between solute molecules and their target molecules on the surface and in the vicinity of biological membrane interfaces (e.g. ligand binding to membrane proteins) has been demonstrated in several studies, and explained in terms of initial nonspecific binding of the solute molecules to the membrane followed by diffusion along the surface to their target molecules (1) (2) (3) (4) (5) (6) (7) (8) . Studies on some specific membranebound proton pumps, for example cytochrome c oxidase or bacteriorhodopsin (9) (10) (11) (12) , have revealed higher than diffusion-limited rates of proton uptake (9, (13) (14) (15) . It has been hypothesized that these proteins have a surface proton-collecting antenna, consisting of negative and buffering groups, aiding the proton uptake (12, (16) (17) .
Theoretical studies also indicate that the membrane itself can contribute to this proton uptake (18) (19) (20) . More recently, using fluorescence correlation spectroscopy (FCS), increased protonation rates were observed at membrane interfaces for single fluorophores conjugated to small unilaminar vesicles (SUVs) (21) and for single fluorophores conjugated to membrane-reconstituted cytochrome c oxidase (22) .
Proton-exchange measurements using FCS have several advantages. In particular, the measurements are performed under equilibrium conditions without perturbing the sample, buffering effects of the fluorophores can be neglected due to low fluorophore concentrations, and the measurements reflect the local proton exchange dynamics directly at the site of the fluorophore.
Previous studies (21) (22) showed that the enhancement of the protonation rates could be attributed to the proton-collecting antenna effect. However, these investigations were performed only at low proton concentrations (pH > 8), around the pK a value of the used fluorophore (Fluorescein). In the present study, we included an additional fluorophore, Oregon Green, with a lower pK a , and extended the measurements to a wider proton concentration range (pH 6 to 10). This approach allowed us to identify two distinct regimes for the proton exchange rates. In the range of low proton concentrations, the proton exchange rate increased rapidly with increasing proton concentrations, and the slope was consistent with the membrane acting as a protoncollecting antenna for the fluorophore. In contrast, at high proton concentrations the increase in the proton exchange rate was slower and the slope was comparable to that of direct protonation of the fluorophore from the bulk solution. The protonation rates of the fluorophores were found to be significantly higher for negatively charged membranes than for neutral membranes and this membrane-charge effect was diminished at high bulk ion concentrations. Additionally, the proton exchange rates at low pH (< 7) were essentially identical for both fluorophores in spite of their different intrinsic pK a s. In conclusion, this study provides direct evidence for how the local pH determines the mode of protonation for proton acceptors at the surface of biological membranes; to which extent a membrane-mediated proton-collecting antenna contributes to this exchange; and how the protonation is modulated by charge densities on the membranes.
Results and Discussion
The proton exchange in the immediate environment of the pH-sensitive fluorophore was monitored using FCS. Fluorescence intensity fluctuations, originating from individual protonation and deprotonation events of the fluorophores (free in solution or liposome-conjugated) and their diffusion through a confocal observation volume, provides the normalized auto-correlation function G() given by (23) :
Here, F(t) is the detected fluorescence intensity at a time t, τ is the correlation time, τ D is the average translational diffusion time of the fluorescent species through the observation volume, N the mean number of fluorophores in the observation volume, and  the relationship between the axial and lateral extension of the observation volume. P signifies the fraction of protonated fluorophore, and τ P = 1/k P is the proton relaxation time, where k P is the proton relaxation or proton exchange rate. For a onestep reversible protonation reaction in a non-buffered water solution, k P is given by the sum of the deprotonation rate constant, k -1 , and the protonation rate, k +1 [H + ] bulk , of the fluorophore:
In this study we used the pH-sensitive dyes Fluorescein (Flu) and Oregon Green (OG) with pK a values of 6.4 and 4.7, respectively, as determined from static pH titrations in water solution using a spectrofluorometer (Table 1) . Data from FCS measurements indicate that the lower pK a of OG is mainly due to a ~25 times higher deprotonation rate for OG than for Flu. When the lipid-conjugated Flu or OG was incorporated into SUVs, an increase in the pK a s by approximately two units could be observed in the static measurements for each of the dyes (see Table 1 ). The underlying changes in the protonation and deprotonation rates were determined using FCS. Figure 1 shows the proton exchange rates, k p , as a function of the proton concentration for Flu-and OGlabeled DOPG and DOPC SUVs in 0.15 M NaCl or 0.60 M NaCl in the pH range ~5.5 to ~9. The data collected at pH values > 8 corroborate the results from our previous study (21) Figure 1a -c) show two distinct phases of proton exchange, with a breaking point between pH 7 and 8. No such breaking point was found when measurements were performed with dyes in solution. This suggests that the different protonation behavior in the two pH ranges is a consequence of the membrane, and not due to an inherent property of the dyes themselves. As already mentioned above, the dye OG has a lower intrinsic pK a compared to Flu (Table 1) , which allowed us to more easily perform measurements in a lower pH range than for Flu. However, the lower pK a prevented us from recording FCS data in the high-pH range, where the fraction of protonated fluorophores, P, is too small to allow  P to be precisely determined (see Eq. (1)) (21) (22) (23) . For OG-labeled SUVs (solid green circles in Figure 1a -c), the proton exchange rate increased linearly with increasing proton concentrations, and there was a perfect overlap with the corresponding rates for Flu-labeled DOPG SUVs. This comparison suggests that when SUV-conjugated, both dyes are subject to protonation and deprotonation rates that are determined by the local membrane environment; and that the corresponding rate constants are independent of the intrinsic pK a s of these dyes.
Dependence of the protonation rate on the bulk ion concentration
Both DOPG and DOPC liposomes have a pK a of ~3 (see supporting information). In the measured pH range, DOPG lipids are negatively charged, while DOPC lipids are zwitterionic. The data shown in Figure 1a and 1c indicate that at high proton concentrations, the proton exchange rates for both OG and Flu-labeled DOPC SUVs are lower than the corresponding rates for the DOPG SUVs. To investigate whether this difference is due to a higher proton concentration near the surface of the DOPG membranes as compared to the DOPC membranes, we performed measurements on OG-labeled DOPG SUVs at different NaCl concentrations ( Figure 2 ). Addition of salt is expected to screen the membrane charges of the DOPG vesicles, reducing the possible electrostatic attraction of protons to the membrane surface.
For a given proton concentration, both k p and the corresponding pK a value were found to noticeably decrease with increasing NaCl concentrations (see Table 1 ). In contrast, only a minor pK a shift (from 4.7 to 4.5) was observed for free OG fluorophores in an aqueous solution when increasing the NaCl concentration from 0 to 0.90 M NaCl (see supporting information). For DOPG SUVs and at NaCl concentrations approaching 1 M, k P approaches the rates observed for the zwitterionic DOPC SUVs. The measured k P for these latter vesicles thus presumably represents an intrinsic proton exchange rate, unaffected by membrane-related electrostatic effects. For the OG-labeled DOPC SUVs, Eq. (2) was used to fit the data and we obtained an apparent protonation second-order rate constant of k +1 = 1.7  0.1 × 10 10 M -1 s -1 .
The increase in k +1 and pK a for OG-labeled DOPG SUVs with decreasing NaCl concentrations (inset, Figure 2 ) suggests that the proton concentration is higher near the membrane surface due to the electrostatic attraction of protons. Apparent pK a shifts for pH-sensitive fluorophores conjugated to micelles, membranes and proteins have been observed in previous studies (24) (25) (26) , and were attributed to a surface potential enhancing the local proton concentration near the membrane surface. 
where Ψ is the electrostatic potential, q the proton charge, k B the Boltzmann constant and T is the temperature. The electrostatic potential Ψ(x), in the aqueous phase near a charged planar surface with homogenously distributed charges, depends on the distance from the surface, x. The relationship between the surface potential, Ψ(0), and the surface charge density, σ, of the surface in the presence of a monovalent salt solution can be described by Gouy-Chapman theory (24, (26) (27) (28) (29) :
where C is the monovalent salt concentration, N A is the Avogadro constant,  is the dielectric constant,  0 the permittivity of free space and A is a constant:
A protonatable molecule conjugated to a charged membrane, a distance x from the membrane, experiences a potential: The proton exchange rate of a pH-sensitive fluorophore k P , as extracted from an FCS measurement, is found by inserting Eq. (3) into Eq. (2):
where 1 k  is the apparent second-order protonation rate constant and Table 1 ). The corresponding shift determined from the FCS measurements is 0.5 pH units, assuming that the off-rate is the same for the two ion concentrations.
Given that the decrease in k P in Figure 2 (inset) with increasing NaCl concentration is due to ionic screening of surface charges and that the intrinsic protonation rate constant, 0 1  k , corresponds to the on-rate constant for OG-labeled DOPC SUVs, the electrostatic potential at different NaCl concentrations can be calculated using Eq. (7).
Fitting the resulting potentials to Eqs. (4) and (5) We note that the pK a for OG labeled to SUVs obtained from FCS measurements, defined as the logarithm of the ratio of the protonation and deprotonation rate constants, does not agree with the pK a determined from the spectrofluorometer titrations. For OG labeled to DOPC SUVs the FCS measurements yields a pK a of ~5.3 as compared to a pK a of 6.3 by spectrofluorometer measurements (see Table 1 ). The discrepancy in the pK a values obtained using the two methods shows that the increase in the pK a for OG when conjugated to a SUV is not simply an effect of a decreased deprotonation rate constant.
Surface-coupled proton exchange
To explain the pH-dependent change in the protonation mode of SUV-conjugated fluorophores, as observed for the Flu samples (see Figure 1a -c), we consider a model including both protonation via the membrane and protonation from the bulk solution (see Figure 3) .
For a protonatable fluorophore conjugated to a lipid of a SUV with a radius r in a water solution, the direct exchange of protons between the fluorophore and the bulk solution is described by:
Here 
Here it is assumed that the proton collision radius of the fluorophore is much smaller than the radius of the SUV (a << r).
For a protonatable SUV, the first protonation and deprotonation step of the whole SUV is described by:
where LH and L -denote the SUV when a proton resides on its surface and a nonprotonated SUV, respectively, and k +3 and k -3 are the protonation and deprotonation rate constants, respectively. The apparent pK a of the first protonation step of the SUV is given by   
Conclusions
The data presented in this study shows that the proton exchange rate of a membranebound proton acceptor is highly dependent on the ionic strength of the solution and the membrane properties, such as the lipid charge. For Flu conjugated to phospholipid membranes, a dramatic enhancement in the protonation rate constant was observed at low proton concentrations (pH > 8). However, at high proton concentrations (pH < 7)
this enhancement was weakened and the protonation rate constant was comparable to that expected from direct protonation of the Flu dye from solution. Measurements on OG conjugated to the same type of membranes displayed almost identical proton exchange rates for high proton concentrations. Because the pK a of this dye in its free form is very different from that of Flu, we conclude that the deprotonation rate constants of the dyes, when associated to the membrane, are determined by the local environment close to the membrane and not by their intrinsic pK a s. The data show protonation rate constants in agreement with the physical size of the SUVs and the corresponding cross-sections of the fluorophores. Furthermore, the study determined the electrostatic potential as sensed by the proton acceptor and an approximate distance between the probe and the surface.
In identifying the role of the membrane in proton transfer at the surface of biological membranes, this study found that ion concentration bears an impact on proton exchange rates, and that this could be explained by changes in the local surface potential. Furthermore, the data indicate that the mode of protonation of a membraneassociated proton acceptor can switch from a membrane-promoted to a direct exchange with the bulk solution. This protonation mechanism is likely to be a general feature also for a wide range of membrane-associated proton transporters, such as cytochrome c oxidase, photosynthetic reaction centers and bacteriorhodopsin (9, 15, 30) in living cells.
Materials and Methods
Liposome preparation
SUVs were prepared by mixing 2. 
FCS measurements
Before starting measurements, the sample was subjected to CO 2 -free air in order to remove dissolved CO 2 
Spectrofluorometer measurements
The spectrofluorometer measurements were performed on a FluoroMax 3 spectrofluorometer (Horiba Jobin Yvon, Edison, NJ, USA). For each pH titration series, a recording was performed at low pH (~3), where the fluorescence signal was negligible and only scattered light from the SUVs contributed to the signal. This measurement was used for background subtraction.
Data analysis
The recorded correlation curves and spectrofluorometer data were analyzed in OriginPro 7.5 (OriginLab, Northampton, MA, USA). 
Supporting information
The pK a s of DOPG and DOPC SUVs
The pK a s of non-labeled DOPG and DOPC SUVs were estimated by acid-base titrations. Figure 1a shows a titration curve for DOPG SUVs, indicating a lower pK a of ~3 and a higher of ~10, in agreement with other reports (1-2); Figure 1b shows the same curve for DOPC SUVs, with a lower pK a of ~3 and a higher of ~11. The lower pK a s probably correspond to the protonation of the phosphatic acid groups for the two samples, and the higher to that of glycerol and choline, respectively. 
Effect of bulk ion concentration on pK a for free Oregon Green fluorophores
The pK a s for Oregon Green fluorophores freely diffusing in an aqueous solution containing 0.90 M NaCl and a pure aqueous solution were determined by a pH titration using a spectrofluorometer (see Figure 2 ). For DOPG SUVs at neutral pH each lipid can be assumed to negatively charged, due to the low pK a of the DOPG lipids. Thus, the surface charge density of the membrane equals the surface area of the liposome divided by the number of lipids on each surface. This gives a surface charge density of 1/50 Å 2 for DOPG SUVs.
